stimuli that would impose different directional forcing vectors simultaneously and/or 65 sequentially at different positions along the cerci (Kamper et al., 1981; Heinzel et al., 1987) . 66 Studies by Casas, Dangles and colleagues over the last few years have characterized, with 67 great accuracy and precision, the small-scale spatio-temporal structure of the dynamic air 68 currents generated by predatory spiders during attacks on crickets, and have also 69 demonstrated the importance of using behaviorally-relevant stimuli in neuroethological 70 studies (Casas et Despite the recognized importance of using ethologically relevant stimuli, to the best of 72 our knowledge none of the theoretical or modeling studies of the cercal system interneuron 73 stimulus-response properties have taken differential conduction delay along the cercus into 74 account, and may therefore have significantly misinterpreted the response characteristics of 75 the cercal interneurons. 76
The first goal of the studies reported here was to determine if there is any differential 77 propagation time for spikes from filiform receptors at different locations along the length of a 78 typical adult cercus. The second goal is to determine the functional significance of the 79 extended distribution of filiform receptors, as judged by observing the differential responses 80 of primary sensory interneurons to simultaneous vs. sequential activation of the cercal 81 filiform receptor array. As we will demonstrate, the differential conduction characteristics of 82 the filiform receptor array are, in fact, of substantial significance. All filiform afferent axons 83 have the same propagation speeds to within a very small variance, resulting in a significant 84 dispersion of the spikes generated by bulk air movements. Using an air current stimulus 85 device capable of generating sequences of air jets along a single cercus, we demonstrate that 86 the cerci operate as delay-lines and support neural computations in many of the projecting 87 cercal interneurons (INs) that yield substantial differential sensitivity to the direction and 88 velocity of these more complex stimuli. We demonstrate that several cercal INs show much 89 greater sensitivity to stimuli that sweep along the cerci than they do to bulk air-flow stimuli, 90 functioning as "notch filters" with selective insensitivity to bulk-flow stimuli. 91 92 93
Materials and Methods

94
Dissection, specimen preparation, and electrophysiological recording 95 All experiments were performed on adult female Acheta domesticus crickets, obtained 96 from Bassett's Cricket Ranch (Visalia, CA). Each cricket specimen was selected within four 97 hours following the final molt, and anesthetized by placement on ice until it ceased to show 98 escape behavior when touched. The legs and wings were removed. Subsequent stages of the 99 specimen preparation depended upon the specific experimental protocols to be used. All 100 recordings were made at room temperature. 101
Measurement of sensory afferent axonal conduction times. Measurements of filiform 102 afferent spike propagation speed required simultaneous recordings of afferent spikes at two 103 different locations: one out along a cercus, and one from the cercal nerve at the base of the 104 cercus. For these experiments, a 3mm x 8mm section of dorsal cuticle was removed. 105 Digestive, reproductive, and superficial fat tissues were removed along with the ovipositor. 106
The abdominal cavity was filled with isotonic saline solution (O'Shea and Adams, 1981), and 107 perfused periodically. The preparation was pinned to a plate of silicone elastomer. To 108 achieve mechanical stability for durations of up to two hours, movements of the cerci were 109 constrained by gluing each cercus to the silicone elastomer with marine epoxy. The entire 110 plate-mounted preparation was placed on a vibration isolation table in a laminar air-current 111 chamber. A set of filiform hairs to be studied was identified using a stereo dissecting 112 microscope, and the surrounding hairs were plucked out with fine forceps to provide access 113 for the placement of tungsten electrodes and to reduce extraneous action potentials from 114 nearby hairs. For control purposes, several measurements were taken from animals without 115 plucking hairs and without epoxy applications to the distal cercus. Measurements from these 116 animals were statistically indistinguishable from those taken with the standard protocols 117 described above. Data from these control measurements were included in the subsequent 118 analysis. 119
To record from sensory afferent axons in the cercus, two matched-impedance tungsten 120 electrodes (FHC Inc., Bowdingham ME) were used: one as the recording electrode and one as 121 the indifferent electrode. The tip of the recording electrode was inserted just below the 122 cuticle and just proximal to the base of a filiform hair. The indifferent electrode was placed 123 on the cuticle a small distance from the recording electrode. The two electrodes were 124 attached to the inputs of a differential amplifier (Data, Inc., Model 2124) and signals were 125 amplified at a gain of 300-1800x and bandpassed between 100 and 10,000 Hz. 126
To achieve simultaneous recordings from the same afferent axons in the cercal nerve, 127 ensemble spiking activity through the entire cercal nerve was recorded near its exit point 128 from the cercus using a glass suction electrode in the en passant configuration. The electrode 129 was filled with standard isotonic saline and isolated from the intra-abdominal bath with 130 petroleum jelly. The suction electrode was connected to a differential amplifier (Data, Inc., 131
Model 2124) grounded to the abdominal saline bath. Signals were amplified at 300x and 132 bandpassed between 100 and 10,000 Hz.
133
Spikes recorded from the tungsten pair were used for spike-triggered averaging of activity 134 through the cercal nerve suction electrode recordings. The averaging was carried out off-line 135 after the experiment, using custom software based on Matlab v7.3. For the experiments 136 requiring calculation of the spike propagation times, variation in proximal electrode 137 placement and cercal nerve stretch was corrected for by removing the ordinate intercept 138 value from each animal such that a hair 0mm from the base would show 0ms of latency. 139
Recording from sensory interneuron axons in the abdominal nerve cord. Some 140 experiments required multi-channel, multi-unit extracellular recordings from the abdominal 141 nerve cord between the terminal abdominal ganglion and the thoracic ganglia. To enable 142 these recordings, the preparation was dissected beyond the minimal levels described above.
143
After removal of the head as well as digestive, reproductive and superficial fat tissues from 144 the abdominal cavity, the specimen was pinned out on silicone elastomer. The entire nerve 145 cord was then surgically isolated from all connections to the remainder of the body by cutting 146 all peripheral nerves, trachaea, and connective tissue between the terminal abdominal 147 ganglion and the prothoracic ganglion. All of the animal's body was cut away and discarded 148 except for the abdominal nerve cord including all thoracic ganglia, all abdominal ganglia, the 149 cercal nerves, the body walls of the posterior half of the abdomen (split along the dorsal and 150 ventral midlines to the level of the cuticular cap at the posterior end of the abdomen), and 151 the two cerci with all sensory hairs intact. 152
For a subset of these experiments, we reduced the filiform mechanosensor array by 153 plucking out all of the filiform hairs on a cercus except those on the lateral and medial sides.
154
This procedure eliminated all hairs that were activated by air currents oriented transversely 155 or obliquely to the long axis of the cercus, leaving only those hairs activated by air currents 156 directly in line with the cercus. This procedure was done to control for the possibility that 157 turbulence surrounding the air jets generated by the air current nozzles was resulting in 158 variable activation of transverse hairs, thus confounding interpretation of the stimulus-159 response variability. IN stimulus-response characteristics from preparations having these 160 reduced sensory arrays yielded results that were qualitatively and quantitatively similar to 161 those obtained from preparations with full, unmodified sensory arrays. 162
The reduced preparation was transferred to a specially-constructed platform, and 163 perfused periodically with isotonic saline. The platform was constructed to have a physical 164 profile approximating the body shape of an adult cricket, and enabled placement of the two 165 cerci in a manner that was equivalent to their configuration on a freely-behaving animal, i.e., 166 elevated at 15° from the horizontal plane and at an angular separation of 60° (Landolfa and 167 Jacobs, 1995) . A mounted preparation is shown in figure 1A . After the preparation was 168 stabilized on the perfusion platform, the right connective of the abdominal nerve cord was 169 cut at a point midway between the terminal ganglion and next-most anterior ganglion. This 170 left only the projecting axons in the left connective intact, which greatly simplified the 171 subsequent tasks of cell identification and analysis from the multi-unit recordings. 172
The array of extracellular electrodes consisted of a set of eight insulated stainless steel 173 wires (California Fine Wire Co., 0.005in HML coated) integrated into the preparation 174 chamber, and a ninth un-insulated silver wire that served as a common (grounded) reference 175 electrode. These eight wires were placed across the top of the preparation chamber, 176 perpendicular to the long ("body") axis, at an inter-wire spacing of approximately 1 mm. 177
Each of the eight transverse wires had a small patch of the HML insulator removed along the 178 center axis of the chamber, to function as the point of electrical contact with the abdominal 179 nerve cord. At the beginning of each experiment, the nerve cord was positioned to extend 180 across the un-insulated patches of the eight-electrode array, and shielded from the bath with 181 a mixture of 70% petroleum jelly and 30% mineral oil. The right hemi-connective was then cut 182 between the terminal ganglion and the next most anterior ganglion, so that the axons from 183 only 10 of the 20 projecting interneurons were recorded. The entire preparation was placed 184 into a laminar air-current chamber on a vibration isolation figure 1A , and consisted of four small-diameter 199 stainless steel nozzles ( nozzles. For each experiment, the tips of the four tubes were adjusted to direct air currents 206 at four equally-spaced positions along a single cercus, from a distance of 1.5mm above the 207 cercus. Note that the nozzles are at a shallow angle over the cercus, so that the air jets have 208 a substantial projection onto the horizontal plane along the major axis of the cercus. It is the 209 horizontal component that drives these filiform hairs. We verified that the stimuli were 210 driving the hairs in the horizontal plane, by observing the movements of the hairs through the 211 dissecting microscope. Additionally, plucking out hairs with preferred planes of motion 212 transverse to the long axis of the cercus did not alter the observed firing of cercal INs. This 213 suggests that it was primarily the longitudinal hairs that were stimulated in our experiments.
For the experiments we report here, the individual stimulus waveforms sent to each 215 speaker were unidirectional jets. The waveform of each jet was constructed to present 216 approximately a half cosine wave (i.e., a positive-velocity air displacement with no 217 discontinuities at the beginning and termination). Air velocities and waveforms were 218 measured using a low-velocity air current sensor (MicroFlown Technologies, Titan sensor,  219 Zevenaar, Netherlands), placed 1.5mm from the nozzle. Example measurements are shown in 220 fig. 1B , and confirmed that the half-period cosine wave produced primarily an outward going 221 "puff" without significant rebounding air-flow. 222
For all experiments shown here, the peak velocity of the air puffs was set to values 223 measured to be in the range from 2 to 7mm/sec at the target location on the cercus. For each 224 experiment, the air velocity was adjusted to be just supra-threshold for generation of a 225 reliable neurophysiologically-measured response. We chose to use this "just supra-threshold" 226 criterion for several reasons. First, this was a very straightforward criterion to achieve across 227 different preparations: the amplitude of the stimuli could be increased from a very low 228 setting until the same stereotypical responses were obtained. Second, this lowest-reliable 229 stimulus insured minimal rebound of the hairs directly in line with the jet nozzles (which 230 would have added subsequent bursts of spikes on the "bounce" after rebound), and minimal 231 stimulation of hairs having different movement directions (due to turbulence from vortex 232
shedding from the jet). We note that these stimuli, which were just supra-threshold for 233 eliciting reliable responses, were actually well above the absolute threshold for the afferents.
234
In experiments corresponding to figures 4 and 5, each of the four jets was reliably activating 235 a relatively small patch of hairs on the cercus, and so the "threshold" air currents were 236 activating enough hairs in 4 different patches to get a reliable compound AP in the nerve 237 and/or reliable responses from the INs. 238
The MicroFlown was used to verify that the air current velocity fell to below 10% of the 239 peak velocity at a distance away from the axis of the nozzle equal to the inter-nozzle 240
spacing. This insured that filiform afferents in adjacent regions were not stimulated. This was 241 verified by visual inspection under the microscope: during a single puff from an individual 242 nozzle, only the filiform hairs directly below the center of the nozzle could be seen to move, 243
and there was no perceptible movement of any hairs at a distance greater than the diameter 244 of the nozzle. 245
Three different classes of puff sequences were used. The first class was a control 246 stimulus, in which all four positions along the cercus were activated simultaneously. This set 247 was equivalent to a uniform bulk air displacement, similar to those that have been used in all 248 previous studies that used standard loudspeakers to generate bulk air-flow over an entire 249 cricket specimen. The second stimulus class was a sequence that started at the tip of a cercus 250 and swept toward the base of the cercus. The third class was a sequence that swept in the 251 opposite direction: from base to tip. The speed of the moving sequences were varied by 252 changing the intervals between the individual puffs. For the experiments reported here 253 stimuli were presented every 500ms with the direction and velocity of sweep randomized. 254 We note that the nozzles were positioned and aligned with the cercus in a manner that 255 resulted primarily in the deflection of the "longitudinal" hairs, i.e., those hairs located on 256 the lateral and medial aspects of the cercus that have movement axes in line with the long 257 axis of the cercus. The "transverse" hairs located on the dorsal and ventral aspects of the 258 cercus have movement axes that were perpendicular to the direction of the air jets, and 259 when present were minimally activated by the jets (as determined by visual inspection). 260 261 262
Results 263 264 265 We measured the action potential conduction speeds for a sample of twenty-three sensory 266 afferents from filiform mechanosensory hairs on cerci from six different crickets. The filiform 267 hairs innervated by this sample of afferents were located on the dorsal cercal surface, had 268 movement axes that were perpendicular to the cercal axis, and ranged in length from 500 to 269 1200μm. For each hair we studied, simultaneous recordings at two different sites were 270 obtained from the sensory afferent axon that innervated the hair. The first recording site was 271 on the cercal nerve at the base of the cercus, and the second recording site was out along the 272 cercus, at a distance from the base that ranged from approximately 15% to 80% of the entire 273 cercal length for the different hairs in our sample set. For each hair we studied, the distance 274 between the distal recording site and the base of the cercus was measured from a digital 275 micrograph taken through a stereo dissecting microscope during the experiment. propagation time was measured as the time between the peak in the distal trace and the first 282 peak in the averaged proximal traces. Later peaks in the proximal trace were found not to 283 respond to air current stimuli and were ignored. These later peaks were due, presumably, to 284 activity of the hairs in response to the un-controlled background air currents in the 285 experimental chamber, and/or to subsequent spikes elicited by rebound of the hairs to the air 286 current stimuli. 287
Spike conduction latencies for sensory afferent axons in the cerci
Each point on the graph in Figure 3 corresponds to a measurement of the spike 288
propagation latency between the distal recording site and the base of the cercus for a single 289 afferent axon, plotted against the distance between these two sites. The dashed line is the 290 best-fit linear regression through the data pooled across all samples. approximately 1500 filiform hairs distributed across both of the two cerci of a cricket. Given 308 the observed range of spike conduction latencies, we would expect that the ensemble 309 response of the entire afferent array to any specific stimulus would arrive at the terminal 310 abdominal ganglion as a distribution of spikes, with a width that depends on the specific 311 dynamical characteristics of the stimulus. Due to the differential spike propagation latencies 312 caused by the length of the cerci, we would expect an impulsive step-function-like 313 displacement of the entire block of air surrounding a cercus to elicit a train of afferent spikes 314 that would be dispersed within a minimum of a 5ms interval upon arrival at the TAG. Air 315 current wavefronts that swept along the cercus would be expected to either increase or 316 decrease the dispersion of the spike distribution. In particular, if the conduction velocities 317 measured from the 23 afferent axons in the experiments described in the preceding section 318 were uniform across the entire ensemble of afferents, then we would predict that the 319 narrowest distribution of spikes would result from a stimulus wave front traveling from the tip 320 of a cercus toward the base of the cercus at that spike conduction velocity. This narrow 321 distribution would cause the compound waveform from all afferent spikes to be highly 322 compressed. 323
To test these hypotheses, we measured the ensemble spike train responses of cercal 324 sensory afferents in a cercal nerve during the presentation of a variety of air current stimuli 325 that mimicked these different scenarios, i.e., bulk air movement across the entire cercus, 326
and wavefronts moving at different directions and speeds along the cercus. This was 327 accomplished through the presentation of sets of four independent air current jets, directed 328 at equally-spaced positions along the cercus, either simultaneously (to mimic bulk flow) or in 329 timed sequences (to mimic traveling wavefronts), as described in the Methods section. along the cercus were activated simultaneously (resulting in a superposition of the four half-337 cosine waveforms into a single peak). This set was equivalent to a uniform bulk air 338 displacement, similar to those that have been used in all previous studies that used standard 339 loudspeakers to generate bulk air-flow over an entire cricket specimen. The averaged 340 compound spike waveform is distributed over an interval of approximately 10ms. 341
Panel A shows the average compound waveform response to a stimulus sequence that 342 started at the base of a cercus and swept toward the tip of the cercus, i.e. opposite to the 343 direction of spike propagation along the cercus. The base stimuli preceded the tip stimuli by 344 5ms. As expected, the spikes were dispersed to an even greater extent than observed for the 345 control (simultaneous) case shown in panel B, over an interval of approximately 15-18 ms. 346
Panel C shows the average compound waveform response to a stimulus sequence that 347 started at the tip of a cercus and swept toward the base of the cercus. The tip-to-base delay 348 time was 5ms, equivalent in duration to the 5ms differential spike conduction delay time 349 calculated from the previous set of experiments. This stimulus sequence yielded an ensemble 350 response which was clearly greater in amplitude and shorter in duration than those in the 351 other panels. The spikes originating from hairs at all different locations along the cercus 352 appeared to fuse into a compound waveform resembling a single action potential at the 353 recording site at the base of the cercal nerve. 354
Measurements were repeated for a variety of sequence intervals ranging between 0 and 355 10ms in half-ms increments, and in both directions along the cerci, for five crickets. In all 356 cases, the stimulus sequence with 5ms total delay from tip to base elicited the average 357 compound response having the largest peak amplitude. We interpret this as corresponding to 358 the highest degree of synchronous arrival of the elicited spikes at the recording site. We 359 interpret the very narrow compound waveform as indicating a very low variance in conduction 360 velocities across the ensemble of afferents. 361 362
Responses of primary cercal sensory interneurons to sequenced stimuli 363
The primary synaptic targets of the cercal filiform afferents are a set of sensory 364 interneurons in the terminal abdominal ganglion. All of the information that is extracted by 365 this system and conveyed to higher CNS levels is carried through the axons of approximately 366 twenty of these INs, which project through the paired abdominal connectives to ganglia in the 367 thorax and head. All of our previous studies of these INs have been based on experiments 368 using bulk flow air current stimuli, i.e., stimuli that simultaneously activate all filiform hairs 369 along the entire length of the cerci. Here we tested whether any of the projecting INs had 370 differential sensitivity to the differently-timed sequences of air puffs used for the 371 experiments described in the preceding section. To do so, the stimulus sequences were 372 presented while we recorded the spiking activity through one abdominal hemi-cord in each of 373 eight animals. We were able to obtain unequivocal discrimination of up to thirteen different 374 units in these preparations, using simultaneous extracellular recordings from five points along 375 the abdominal nerve cord as the basis for phased-array spike sorting (see Methods). Air 376 current stimuli elicited reliable spiking responses in ten of these thirteen units. 377
Of these ten air-current-sensitive INs, seven showed some degree of differential 378 sensitivity to the direction and speed of the simulated wave front. between the tip and base pulses.) 432
The IN represented with the red plots in fig. 6 responds with approximately the same 433 number of spikes to stimulus sequences at all sweep velocities, as well as to bulk flow stimuli. 434
As can be seen in figure 5, this cell fires at a fixed latency from stimulation at the cercal 435 base. 436
The IN represented with the black plots was activated best by sets of four pulses sweeping 437 from the tip of the cercus to the base at speeds between 1 and 5mm/ms, which is near the 438 average propagation speed of the filiform afferent axons. Its responsiveness decreases by 439 about 50% as stimulus sequence velocities approach 0 (i.e., the bulk-flow case). Its minimum 440 responsiveness is for stimulus sequences that sweep from base to tip at speeds between 1 and 441 5mm/ms. 442
The IN represented with the blue plots has the most complex differential sensitivity to the 443 directional sequences. This cell was activated strongly and reliably by all sets of four pulses 444 sweeping from the tip of the cercus to the base at speeds above 0.5mm/ms. It's 445 responsiveness dropped sharply to almost zero for stimulus sequence velocities within +/-446 0.5mm/ms of the bulk-flow case. However, it was also reliably responsive for stimulus 447 sequences that swept from base to tip at speeds of less than 5 mm/ms. 448
Experiments were replicated using a total of eight cricket specimens. Cells with 449 equivalent dynamic sensitivities to the three shown in figures 5 and 6 were observed in all 450 preparations. We did not characterize the stimulus-response characteristics of the other 451 seven air-current-sensitive units we discriminated to the same degree of precision as for the 452 three units presented in these figures. However, we note that the stimulus-response 453 sensitivities of all of the ten units we observed could be divided into the following general 454 classes: three cells showed no significant differential responsiveness to different multi-jet 455 stimulus sequences, and the remaining seven cells showed significant selective responsiveness 456 to stimulus sequences advancing from the tip of the cercus toward the base of the cercus. Of 457 these seven cells, two showed substantial selective suppression of responsiveness to 458 simultaneous air jets (i.e., "bulk flow" stimuli). that the diameters of the filiform afferents may be extremely uniform, within and between 488 animals. To our knowledge, however, there has been no systematic anatomical analysis of 489 filiform afferent axon diameters. The only published anatomical data concerning afferent 490 axons in Acheta domesticus were derived from a single cross-section of a cercal nerve, and 491 the authors were unable to identify the subset of the axons that corresponded to the filiform 492 afferents (Edwards and Palka, 1974) . 493
This delay-line phenomenology is not surprising in and of itself: delay-line characteristics 494 would be expected from a linear sensor array, if the spike propagation velocity were nearly 495 equal in all afferent axons. We note, however, that our results are in direct contrast to those 496 reported recently for a linearly-distributed array of sensory afferent axons in an analogous 497 system in the crayfish (Mellon and Christison-Lagay, 2008) . A population of hydrodynamic 498 mechanoreceptors located on the antennules of Procambarus clarkii drives the initiation of 499 the animal's startle response. Although the mechanoreceptors are distributed along the 500 crayfish antennules, afferent spikes generated in this sensory array by bulk fluid movements 501 arrive simultaneously at the central integration site. This simultaneity results from position-502 dependent variations in the sensory-axon conduction velocities, which appears to derive from 503 a systematic graduated increase in axon diameter for more distally located sensilla. It may be 504 that the relative incompressibility of water would lead to most signals arriving simultaneously 505 for the crayfish while they could be distributed in air for the cricket. Similar mechanisms 506 underlying a systematic gradation in conduction velocity that result in neuronal synchrony 507 have also been demonstrated in mollusks (Young, 1939) and vertebrates (Bennett, 1971; 508 Sugihara et al., 1993) . 509
Although the presence of some degree of differential delay-line phenomenology might 510 have been expected in the cercal system, to the best of our knowledge neither its timescale 511 nor its variance had been measured in previous studies, nor had the possible functional 512 implications of delay-line characteristics been considered. 513 514 Some interneurons are sensitive to the direction and speed of stimulus wave fronts 515 We obtained clear discrimination of ten units that were sensitive to air currents in our 516
preparations. This number of ten units corresponds to the expected number of cercal 517 projecting interneurons that run through each hemi-connective. Although our use of 518 extracellular recording techniques did not allow unequivocal identification of the air-current-519 sensitive units with respect to the ten known classes of re-identifiable interneurons, we 520
conclude that the units we describe in detail in figures 5 and 6 are among the identified 521 cercal INs that have been described in previous studies (Jacobs and Murphey, 1987) . As 522 indicated above, the stimulus-response characteristics of three cells described in figs. 5 and 6 523 are representative of the three different general classes of responsiveness observed from the 524 ten cells in our experiments. 525
The class with the least complex responsiveness is exemplified by the cell represented 526 with the red symbols and plots in figures 5 and 6. That cell had no significant differential 527 sensitivity to any of the different stimulus sequences: it always fired in phase with the one jet 528 delivered to the base of the cercus. We hypothesize that this IN makes differential synaptic 529 connectivity with the subset of filiform afferents innervating the dense group of 530 mechanosensory hairs at the base of the cercus. However, we note that this directional-531 sequence-independent neuron may still play an important functional role in sequence 532 discrimination at the system level. It's independence from sequence direction and velocity 533 would enable it to serve the role of a "normalizer" for extraction of the sweep parameters 534 across the ensemble of neurons: the relative firing rates of the three classes of cells shown in 535 figure 6 would provide sufficient information to discriminate stimuli moving proximally from 536 those moving distally or occurring simultaneously, with the sequence-independent neuron 537 shown with the red plots serving as a baseline for comparison. 538
The responsiveness of the cell represented with the black symbols and lines in figures 5 539 and 6 is also easily understandable within the context of the observed afferent delay-line 540 characteristics. The amplitude of this cell's response was greatest for stimulus sequences that 541 swept along the cercus from tip to base at a speed near the spike propagation speed. The 542 responsiveness decreased to less that half of the best response for simultaneous (bulk-flow) 543 stimuli, and decreased even further for stimuli that swept along the cercus in the base-to-tip 544 direction (i.e., opposite to the spike propagation direction). No special dendritic structure or 545 synaptic connectivity would be required for this cell to function as a "filter" for such sweeps: 546 a simple linear summation of all inputs, processed with a threshold, would yield this 547 characteristic sensitivity. That is, the delay-line characteristics of the cercal afferent array 548 could be sufficient for the observed dynamic sensitivity of this IN. In the engineering sense, 549 this cell appears to function as a phased array detector. 550
While the behavioral role of this cell may be understood within the context of the 551 population coding scheme discussed above, interpretation of its specific behavioral relevance 552 is more problematic. This cell is tuned to wave fronts oriented from the rear of the animal 553 between 2 and 10 meters/sec. This range is much higher than the velocities of air currents 554 that have been measured during most neuroethological studies of predator attacks on 555 crickets: most reported measurements range between a few mm/s to a few cm/s (Camhi et  556 Digger wasp predators (Dumpert and Gnatzy, 1977 ; see also Gnatzy and Heusslein, 1986 ; 562 Gnatzy and Kamper, 1990) . During the final 100ms as a wasp run toward a cricket, the cricket 563 (if successful) has already oriented itself with its rear (and cerci) toward the wasp, on the 564 basis of other cercal sensory input. Air current stimuli from the rear of the animal of at least 565 2m/s are required to trigger the self-defensive hind-leg kicks at the wasps, and the precise 566 timing of the backward kick is crucial to its effectiveness. This neuron is therefore a strong 567 candidate for involvement in this behavior. 568
The characteristic sensitivity for the cell represented with the blue symbols and plots in 569 figures 5 and 6 is more complex from a mechanistic standpoint. This cell was approximately 570 equally responsive to all stimulus sequences that swept along the cercus from tip to base, 571 regardless of sequence speed. However, the responsiveness dropped effectively to zero for a 572 small range of stimulus sequence speeds bracketing the bulk-flow case, and then returned to 573 as much as 80% of the best response for a range of stimulus sequences that swept from base 574 to tip. In the engineering sense, this cell appears to function as a "notch filter," in a manner 575 that would filter out the responses of the receptor array to bulk flow of the air around the 576 animal. The behavioral significance of this filtering operation could be very straightforward: 577 the animal's own movements would generate such bulk air movements, as would any large-578 scale air movements caused by wind or movements of near-by large objects. This cell is 579 therefore a candidate for involvement in subsequent computations requiring small-scale 580 dynamic feature detection. 581
Some aspect of this neuron's dendritic structure and/or synaptic integrative properties 582 results in its being "tuned" to (or to filter out) a particular dynamic activation sequence along 583 the cerci other than the one sequence that yields the largest linear sum through delay-line-584 based superposition. Several plausible biological mechanisms can be imagined through which 585 this cercal IN (and similar INs) could achieve such complex dynamical sensitivity. These 586 mechanisms would require that the interneuron has dendritic architecture that would enable 587 segregation of the synaptic inputs from the different afferents on the basis of their cercal 588 location. This segregation could be used to enhance discrimination of dynamic aspects of 589 stimulus waveforms that are smaller than the spatial scale of a single cercus. For example, 590 configurations can be imagined that would use the delay-line characteristics of the cercus to 591 directly discriminate the direction of air current wavefronts traveling toward or away from 592 the animal at speeds in the range of 1cm per 5ms, in a manner equivalent to that proposed by 593
Rall (Rall, 1964) . This would require the synaptic arbors of afferents from distal hairs to 594 project into regions of the filiform map that are distinct from the arbors of similar hairs 595 located at proximal locations on the cercus. Such a location-based topographic segregation of 596 afferent arborizations has not been considered in earlier anatomical characterizations of the 597 afferent map (Jacobs and Theunissen, 1996; Bacon and Murphey, 1984) . Multi-cellular-circuit-598 based mechanisms might also be involved in producing the complex dynamical sensitivities 599 observed in this cell. 600
Considering the possible functional implications of differential latency of afferents from 601 different locations out along the cerci, it will be important to determine if the filiform 602 sensory afferents are in fact segregated and/or labeled in a manner that would allow such 603 differential connectivity to the INs. The electrophysiological response properties and anatomy 604 of the filiform sensory afferent arborizations of a sample of the filiform receptors have been 605 studied previously (Jacobs and Theunissen, 1996; Paydar et al., 1999) , and used as the basis 606 for predicting the global activity patterns which would be elicited across the ensemble of 607 afferent terminals in response to several types of air current stimuli (Jacobs and Theunissen, 
